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ABSTRACT
We study the effect of density distribution evolution on the global one-armed oscilla-
tion modes in low viscosity disks around isolated and binary Be stars. Observations
show that some Be stars exhibit evidence of formation and dissipation of the equato-
rial disk. In this paper, we first calculate the density evolution in disks around isolated
Be stars. To model the formation stage of the disk, we inject mass at a radius just
outside the star at a constant rate for 30− 50 years. As the disk develops, the density
distribution approaches the form of the steady disk solution. Then, we turn off the
mass injection to model the disk dissipation stage. The innermost part of the disk
starts accretion, and a gap forms between the star and the disk. Next, we calculate
the one-armed modes at several epochs. We neglect the effect of viscosity because the
time-scale of oscillations is much shorter than the disk evolution time-scale for low
viscosity. In the disk formation stage, the eigenfrequency increases with time toward
the value for the steady state disk. On the other hand, one-armed eigenmodes in dis-
sipating Be disks have significantly higher eigenfrequencies and narrower propagation
regions. Observationally, such a change of mode characteristics can be taken as an
evidence for gap opening around the star. In binary Be stars, the characteristics of the
disk evolution and the eigenmodes are qualitatively the same as in isolated Be stars,
but quantitatively they have shorter evolution time-scales and higher eigenfrequencies,
which is in agreement with the observed trend.
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1 INTRODUCTION
Be stars are non-supergiant B-type stars whose spectra have,
or have had at some time, one or more Balmer lines in
emission. The optical emission lines arise from an equato-
rial disk around the star. It is a geometrically thin, high-
density plasma that rotates at a nearly Keplerian speed
(e.g., Porter & Rivinius 2003). The most promising model of
the equatorial disk is the viscous decretion model (Lee et al.
1991), where the material ejected from the central star forms
a disk, drifting outward because of the angular momentum
transfer by viscosity.
Many Be stars show variations in their spectra over
years to decades. One of them is called long-term V/R vari-
ations, which are variations of the ratio of relative intensity
of violet (V) and red (R) peaks of a double-peaked emission
line profile. It is widely accepted that the long-term V/R
variations are attributed to global one-armed (i.e., the az-
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imuthal wave number m = 1) oscillations in the Be disk
(e.g., Porter & Rivinius 2003). It is based on the fact that
in a nearly Keplerian disk a one-armed mode shows up as a
very slowly revolving perturbation pattern (e.g., Kato 1983).
Early studies of the one-armed oscillation model (Okazaki
1991, 1997; Papaloizou et al. 1992; Savonije & Heemskerk
1993; Fiˇrt & Harmanec 2006) were lacking the mechanism
for confining the modes to the inner part of the disks. Re-
cent development of the models by Ogilvie (2008) solved
this problem by including three-dimensional effect that con-
tributes to the mode confinement. All of the studies men-
tioned before were for isolated Be stars. But, there are also
many Be stars found in a binary system where the presence
of the companion star is likely to change some features of the
global one-armed modes. Oktariani & Okazaki (2009) stud-
ied global one-armed oscillations in binary Be star systems
taking into account the effects of tidal interaction with the
companion star.
Most of the above studies assumed a power-law den-
sity distribution in the equatorial disk. This had first been
c© 2015 RAS
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done just for simplicity, where the density slope was just
a parameter. After the scenario has been widely accepted
that Be disks are formed by viscous diffusion of material
ejected from the central star (Lee et al. 1991), the Σ ∝ r−2
distribution has often been adopted, which corresponds to
the density distribution of the steady decretion disk solution
(Porter 1999; Okazaki 2001; see also Krticˇka et al. 2011).
However, observational results show that some Be stars
exhibit evidence of formation and dissipation of the equato-
rial disk (Rivinius et al. 2001;Wisniewski et al. 2010), dur-
ing which the density distribution in the disk is likely far
from the usually-assumed, power-law distribution. For ex-
ample, in the disk dissipation stage, the disk is expected
to be lost from the innermost part, causing a gap between
the disk and the star. Such a long term change in the den-
sity distribution is likely to affect the one-armed oscillation
modes.
The studies of the effect of disk density evolution to
the properties of the Be stars, such as photometric and po-
larimetric properties, have been done in recent years. For
example, Haubois et al. (2012) investigated the evolution of
continuum photometric observables caused by the evolution
of density in Be disk. The study includes different density
phases, such as the disk build-up phase and disk dissipation
phase. In general, the results from their model are in agree-
ment with observations. In our model, we use nearly the
same method as Haubois et al. (2012) in calculating the evo-
lution of the disk density. Haubois et al. (2014) also inves-
tigated the evolution of continuum polarimetric observables
for different dynamical scenarios, where they gave theoreti-
cal prediction of the polarimetric properties in a star with an
evolving disk. Halonen & Jones (2013) studied the intrinsic
continuum linear polarisation of Be star during the forma-
tion and dissipation of the circumstellar disk. They show
that the polarimetric properties can be used to determine
the mechanism for mass decretion from the central star.
In this paper we consider the effects of the Be-disk evo-
lution, in order to study the global one-armed oscillations
with a more realistic disk model. The structure of the pa-
per is as follows. In section 2, we discuss the disk evolution
around single and binary Be stars. In section 3, we calcu-
late linear, one-armed perturbations for the disk structure
obtained in the previous section. Sections 4 and 5 are for
discussion and conclusions.
2 MODELING THE FORMATION AND
DISSIPATION OF VISCOUS BE DISKS
Below we calculate the density evolution in a viscous disk
around a Be star. As the central Be star, we take a B0V
star with M1 = 17.5 M⊙, R1 = 7.4 R⊙, and Teff = 30000 K
(Cox 2000) where M1, R1 and Teff is the mass, radius, and
effective temperature of the star. For simplicity, we do not
include the effect of the rotation on the shape of the star.
We assume that the Be disk is geometrically thin, axisym-
metric and nearly Keplerian, and is in hydrostatic equilib-
rium in the vertical direction. For simplicity, we also assume
that the disk is isothermal at 0.6 Teff (Carciofi & Bjorkman
2006), where Teff is the effective temperature of the central
star. The evolution of such a disk is described by the follow-
ing one-dimensional, diffusion-type equation of the surface
density Σ,
∂Σ
∂t
=
1
r
∂
∂r
[
∂
∂r
(r2Σαc2s)
d
dr
(r2Ω)
]
(1)
(see e.g. Pringle 1981; see also Okazaki et al. 2002 for dis-
cussion in the context of Be disks), where α is the Shakura-
Sunyaev viscosity parameter , cs is the isothermal sound
speed, and Ω is the angular frequency of the disk rotation.
In this section, we take the angular frequency to be the Ke-
plerian angular frequency ΩK where ΩK = (GM/r
3)1/2.1
2.1 Disk Evolution Around Isolated Be Stars
In order to model the formation stage of a disk around an
isolated Be star, we inject mass at a constant rate at a radius
just outside the star. The mass injection radius, rinj, can
be arbitrarily chosen, because it affects little the resulting
density distribution as long as rinj−R1 ≪ R1. In this paper
we take rinj = 1.008 R1. At the inner boundary r = R1, we
adopt the torque-free boundary condition, Σ = 0, so matter
will only move outward. Since the density becomes close to
zero at large distances, and the region of interest for one-
armed oscillations is at most . 100 R1, we adopt that Σ = 0
at r = 1000 R1, as the outer boundary condition.
In the upper panel of Fig. 1, we show the evolution of Σ
over 50 years in the disk formation stage. In this calculation,
we took α = 0.1 and M˙ = 1.2 × 10−9M⊙yr−1, which gives
rise to the typical base density of 10−11g cm−3. Although
we adopted a particular mass injection rate, Σ(r) is propor-
tional to the local mass injection/decretion/accretion rate in
isothermal disks, so that the resulting density distribution
is arbitrarily scalable.
In the early times of the formation stage, the Be disk
has steep density distributions: the mass is concentrated in
the region near the star. However, by viscous diffusion, the
injected mass gradually flows to the outer part. Therefore,
the surface density distribution becomes flatter with time. In
principle, as t → ∞, it approaches the steady state density
distribution Σ ∼ r−2, especially in the inner part of the
disk, which is shown by the dashed line in the upper panel
of Fig. 1. From the figure, we see that at t ∼ 50 yr, the
surface density in the inner 10 R1 has almost reached this
state.
In order to model the disk dissipation, we turned off
the mass injection at t = 50 yr, and calculated the surface
density evolution for another 50 years. The result is shown
in the lower panel of Fig. 1. From the figure, we note that
the accretion begins as soon as the mass injection stops. The
disk is lost from the innermost part, causing a gap between
the star and the disk. The gap forms because the viscous
timescale, which is proportional to r1/2 in isothermal disks,
is shorter at smaller radii. Then, the density distribution has
a peak near the inner radius.
c© 2015 RAS, MNRAS 000, 1–11
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Figure 1. Evolution of surface density distribution in the disk of
an isolated Be star. The upper panel is for the formation stage,
and the lower panel is for the dissipation stage. We take α = 0.1 as
the viscosity parameter. The mass injection rate adopted is 1.2×
10−9M⊙yr−1, but the resulting density distribution is arbitrarily
scalable. The dashed line in the upper panel denotes the density
distribution with the power-law form, Σ ∼ r−2. Annotated to
each line is the elapsed time in years.
2.2 Disk Evolution Around Binary Be Stars
In binary systems, a circumstellar disk, like a Be
disk, is tidally/resonantly truncated at a radius de-
pending on the companion mass and the orbital
eccentricity (Artymowicz & Lubow 1994; see also
Okazaki & Negueruela 2001). In this section we study
the effect of companion on the Be disk evolution, by taking
into account the disk truncation. As in Oktariani & Okazaki
(2009), we consider, for simplicity, circular binaries with
small mass ratios (M2/M1 . 0.3), with M2 being the mass
of the companion. However, there are many interesting
Be binaries with non-zero orbital eccentricities and higher
mass ratios. It is thus desirable to consider those systems
in future studies. In a circular binary, a viscous disk is
truncated at the tidal radius given by
Rtides ∼ 0.9RL (2)
1 We will take account of small deviation of Ω from the Keplerian
angular frequency, when we consider one-armed oscillation modes
in the next section.
Figure 2. Evolution of the surface density distribution in the disk
of a binary Be star with orbital separation D = 10 R1 and binary
mass ratio q = 0.1. The upper panel is for the formation stage,
and the lower panel is for the dissipation stage. The dashed line in
the upper panel shows the density slope for Σ ∼ r−2. Annotated
to each line is the elapsed time in years. The viscosity parameter
and the mass injection rate are the same as in the isolated Be
star cases.
(Whitehurst & King 1991). HereRL is the Roche lobe radius
of the Be star given approximately by
RL = D
0.49q−2/3
0.69q−2/3 + ln(1 + q−1/3)
(3)
(Eggleton 1983), where D is the orbital separation and q =
M2/M1 is the binary mass ratio. In this paper, we assume
that the Be disk is truncated at r = Rtides.
As in the case of isolated Be stars, we model the disk
evolution by injecting mass at a constant rate at r = 1.008
R1. Given a shorter viscous time-scale in a truncated disk
than in an isolated disk, we run the calculation over 30 years.
We then turn off the mass injection and calculate the disk
evolution for the next 30 years to study the disk dissipation
stage. We adopt the free boundary condition, Σ = 0, at the
inner boundary r = R1. As the outer boundary, we take
Vr = 0 to emulate the effect of disk truncation, where Vr is
the radial velocity given by
Vr = −
∂
∂r
(αc2sr
2Σ)
rΣ d
dr
(r2Ω)
(4)
(Pringle 1981).
c© 2015 RAS, MNRAS 000, 1–11
4 F.Oktariani et al.
Figure 3. Same as Fig. 2, but for D = 50 R1.
Figures 2 and 3 show the surface density evolution of
the Be disks in binary systems with D = 10 R1 and D = 50
R1, respectively. In both figures, we took binary mass ratio
q = 0.1 and the viscosity parameter α = 0.1. The upper
panel is for the disk formation stage and the lower panel is
for the disk dissipation stage.
The initial evolution of the surface density distribution
of Be disks in binary systems is similar to that in the isolated
Be stars. However, at later times, after the disk material
reached the outer radius, the influence of the tidal trunca-
tion is seen in the disk structure, especially in the outermost
part of the disk. This results in the difference in the surface
density distribution between disks in the binary and isolated
Be stars. With a shorter viscous time-scale and the stagna-
tion of the outflow at the outer radius, the Be disk in binary
systems more rapidly grows and approaches the Σ ∼ r−2
distribution than in isolated Be stars.
Another notable feature of Be disk evolution in bina-
ries is also related to the disk size. The Be disk evolves more
quickly in closer binary systems because of smaller disk sizes.
We can see this in the upper panels of Figs. 2 and 3. In the
dissipation stage, the Be disk evolution is also quicker in
closer binaries. However, the very rapid decrease in density
seen in the lower panel of Figs. 2 has another reason. In the
disk dissipation stage, the accretion starts from the inner-
most region, and the accreting region becomes larger with
time. The local rate of surface density decrease is given by
the difference between the accretion rate at the radius con-
sidered and the rate of mass accreting into that radius from
outer radii, the latter of which is lower for smaller disks. This
is why the surface density in disks for D = 10 R1 decreases
much more rapidly than in disks for D = 50 R1, which de-
creases more rapidly than in disks of isolated Be stars. It is
worth noted that there are other mechanisms that can cause
the disk loss in the innermost region such as the ablation of
the inner disk by radiation and/or wind of the central star.
We further discuss these possibilities in section 4.
3 GLOBAL ONE-ARMED OSCILLATIONS
In this section, we seek linear m = 1 eigenmodes for the den-
sity distribution obtained in the previous section. Since the
time-scale of oscillations is much shorter than the time-scale
of viscous disk evolution, we neglect the effect of viscosity
in the following analysis. We also neglect the radial velocity
Vr in the unperturbed disk. For simplicity, we also assume
that the oscillations are isothermal. Then, the basic equa-
tions for m = 1 oscillations to be solved are the same as in
Oktariani & Okazaki (2009), except that we use the density
distribution in forming/dissipating disks in this paper.
Below we first summarize the unperturbed disk model
and basic equations for linear m = 1 isothermal pertur-
bations (for more details, see Oktariani & Okazaki 2009).
Then, we present the m = 1 eigenmodes in disk forma-
tion/dissipation stages for single and binary Be-star cases.
3.1 Basic Equations
The unperturbed state of the isothermal Be disk is derived
from the equation of hydrostatic equilibrium in the vertical
direction and the radial component of the equation of motion
as
ρ = ρm(r) exp
(
− z
2
2H2
)
, (5)
v = [0, rΩ(r), 0], (6)
p = c2sρ, (7)
and
Ω =
[
1
r
(
dΨm
dr
+ c2s
d ln ρm
dr
)]1/2
, (8)
where ρm(r) is the midplane density, and H(r) = cs/ΩK is
the scale-height of the disk, Ω(r) is the angular frequency of
disk rotation, and Ψm is the potential in the disk midplane.
Here, ρm(r) is calculated from the surface density distribu-
tion obtained in section 2, using the relation Σ =
√
2piρmH
derived from equation (5) for isothermal disks. The potential
Ψm, where the quadrupole contribution due to the rotational
distortion of the central star and the azimuthally averaged
tidal potential are taken into account, is given by
Ψm ≃ −GM1
r
[
1 + k2
(
Ω1
Ωc
)2 ( r
R1
)−2]
−GM2
D
[
1 +
1
4
(
r
D
)2]
, (9)
where k2 and Ωc =
√
GM1/R31 are apsidal motion constant
and critical angular rotation speed of the Be star, respec-
tively. M2 is the mass of the companion star. In the case of
isolated Be star, we set M2 = 0.
c© 2015 RAS, MNRAS 000, 1–11
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On the above unperturbed disk model, we superpose a
linear m = 1 isothermal perturbation of frequency ω, which
varies as exp[i(φ− ωt)]. The linearized perturbed equations
are then obtained as follows:
i(Ω− ω)v′r − 2Ωv′φ = −∂h
′
∂r
, (10)
i(Ω− ω)v′φ + κ
2
2Ω
v′r = − ih
′
r
, (11)
i(Ω− ω)v′z = −∂h
′
∂z
, (12)
i(Ω− ω)h′ + v′r ∂h∂r + v
′
z
∂h
∂z
= −c2s
[
1
r
∂(rv′r)
∂r
+
iv′φ
r
+
∂v′z
∂z
]
, (13)
where κ = [2Ω (2Ω + rdΩ/dr)]1/2 is the epicyclic frequency
2, (v′r, v
′
φ, v
′
z) is the perturbed velocity, and h
′ is the enthalpy
perturbation, which is related to the density perturbation ρ′
via h′ = c2sρ
′/ρ.
In order to take the three-dimensional effect into ac-
count, we expand perturbed quantities in the z-direction in
terms of Hermite polynomials as
v′r(r, z) =
∑
n
un(r)Hn(ζ), (14)
v′φ(r, z) =
∑
n
vn(r)Hn(ζ), (15)
v′z(r, z) =
∑
n
wn(r)Hn−1(ζ), (16)
h′(r, z) =
∑
n
hn(r)Hn(ζ), (17)
where Hn(ζ) is the Hermite polynomial defined by
Hn(ζ) = exp
(
ζ2
2
)(
− d
dζ
)n
exp
(
− ζ
2
2
)
(18)
with ζ = z/H and n being a dimensionless vertical coordi-
nate and a non-negative integer, respectively (Ogilvie 2008).
Following Ogilvie (2008), we close the system of result-
ing equations by assuming un ≡ 0 for n > 2. Neglecting u2
compared to u0 is equivalent to assuming the eccentricity
of perturbed orbit of each gas particle to be independent of
z. After some manipulations, we have the following set of
equations to be solved for linear m = 1 isothermal pertur-
bations:
du0
dr
= −
(
1
2
+
d ln Σ
d ln r
)
u0
r
− iΩ
c2s
h0 (19)
i
dh0
dr
= −2
[
ω −
(
ωpr +
9c2s
4r2Ω
)]
u0 − 2ih0
r
, (20)
2 In our model, the detailed form of κ is given by
κ =
(
GM1
r3
)1/2{
1− 2q
(
r
D
)3
− k2
(
Ω1
Ωc
)2 (R1
r
)2
+
[
2
(
d lnρm
d ln r
)
+
d2 ln ρm
d ln r2
](
H
r
)2}1/2
.
and
ih2 =
3c2s
2rΩ
u0, (21)
where ωpr(r) ≡ Ω(r) − κ(r) is the local apsidal precession
frequency. In deriving these equations, we have used approx-
imations |ω| ≪ Ω, |Ω− κ| ≪ Ω, and (cs/rΩ)2 ≪ 1.
Let us now consider the boundary conditions for equa-
tions (19) and (20). In the disk formation stage, when mate-
rial is injected continuously from the star, there is no gap be-
tween the star and the disk. Since the pressure scale-height
of the Be star near the interface is much smaller than that
of the disk, the oscillations cannot penetrate the stellar sur-
face. Hence, we take the rigid wall boundary condition at
the disk inner radius, i.e., u0 = 0 at r = R1. On the other
hand, in the disk dissipation stage, a gap forms between the
star and the disk. As a result, there appears a special radius
near the star, inside of which no stable circular orbit exists,
i.e., κ2 < 0. We take this radius of innermost stable circular
orbit, r = rISCO, as the inner radius of the disk, and applies
the free boundary condition at this radius. This condition is
reduced to
i(Ω− ω)h0 + d ln Σ
d ln r
c2s
r
u0 = 0 (22)
(Oktariani & Okazaki 2009) at r = rISCO. Note that in gen-
eral the innermost stable circular orbit appears only in gen-
eral relativistic disks, not in Newtonian disks. In the current
case, κ2 becomes zero because of a large negative value of
d2 ln ρm/d ln r
2 near the star due to gap formation.
In disks around isolated Be stars, eigenmodes must be
confined to an inner region surrounded by a wide evanescent
region where modes exponentially decay. Thus, as the outer
boundary condition in the case of isolated Be stars, we take
that the radial velocity perturbation u0 vanishes at a radius
deep into the evanescent region. For binary Be stars, we
take the free boundary condition at r = Rtides as the outer
boundary condition, because the disk is truncated at this
radius.
3.2 Eigenmodes for Isolated Be Stars
We calculate the eigenfunctions as follows. First, we take the
density distribution at one particular epoch, e.g., one year
after the disk formation stage begins. Then, we solve equa-
tions (19) and (20) with the boundary conditions mentioned
above, using that density distribution. Once an eigenmode
is found, the z-dependent part of the enthalpy perturbation
is obtained from equations (17) and (21). We perform these
calculations for several epochs. In this subsection we show
the results for isolated Be stars.
Fig. 4 compares the m = 1 fundamental modes in the
formation stage (left panels) and dissipation stage (right
panels) 10 years after the disk formation/dissipation started.
The top panels show the radial velocity perturbation u0
(red line), the two components of enthalpy perturbations,
h0 (blue solid line) and h2 (blue dashed line), as a func-
tion of radius. Note that the density perturbation rela-
tive to the unperturbed density, ρ′/ρ, is given by ρ′/ρ =
{h0(r) + h2(r)[(z/H)2 − 1)]}/c2s . The modes are linear, so
that the normalization is arbitrary. We see that in the disk
formation stage, the eigenfunction is confined to a region
c© 2015 RAS, MNRAS 000, 1–11
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Figure 4. The m = 1 fundamental mode in the formation (left)
and dissipation (right) stages for an isolated Be star after 10
years of disk formation and dissipation, respectively. Top: The
radial velocity perturbation (red line) and two components of
enthalpy perturbation, h0 (blue solid line) and h2 (blue dashed
line), as a function of radius. The density perturbation relative
to the unperturbed density, ρ′/ρ, is given by ρ′/ρ = {h0(r) +
h2(r)[(z/H)2−1)]}/c2s . Middle: Perturbation pattern in the equa-
torial plane (z = 0). The color-scale plot shows the density per-
turbation relative to the unperturbed density, ρ′/ρ, while the ar-
rows denote the perturbed velocity vectors. Bottom: The relative
density perturbation, ρ′/ρ, in the (r, z)-plane at φ− ωt = 0.
within r ∼ 30 R1. On the other hand, the confinement of
the mode is much more prominent in the disk dissipation
stage, the fundamental mode being confined within r ∼ 5
R1.
In the middle panels of Fig.4, we show the density per-
turbation relative to the unperturbed density, ρ′/ρ, in the
(r, φ)-plane. The red (blue) region has a positive (negative)
Figure 5. The m = 1 first overtone in the dissipation stage for
an isolated Be star after 10 years of disk dissipation. Left: The
radial velocity perturbation (red line) and the two components of
enthalpy perturbation, h0 (blue solid line) and h2 (blue dashed
line), as a function of radius. Right: Perturbation pattern in the
(r, φ)-plane. The color-scale plot shows the density perturbation
normalized by the unperturbed density, ρ′/ρ, while the arrows
denote the perturbed velocity vectors.
density perturbation. The arrows superposed on the color-
scale plot denote the velocity vectors associated with the
mode. From a close look at the middle panels, we note that
regions with positive (negative) density perturbation have
negative (positive) perturbation of the azimuthal velocity.
This implies that when the violet (red) peak is stronger than
the red (violet) peak, the line profile as a whole will shift to
a redder (bluer) wavelength. This is a typical behavior of
the observed long-term line-profile variability. The bottom
panels present the relative density perturbation, ρ′/ρ, in the
(r, z)-plane, at φ−ωt = 0. As found in Oktariani & Okazaki
(2009), the density perturbation in the vertical direction
does not always take the maximum in the disk midplane.
As seen in section 2, the density distribution of an
isothermal decretion disk in the formation stage approaches
asymptotically to the Σ ∼ r−2 distribution. Since the m = 1
eigenmode depends on the disk structure, the eigenfrequency
in the disk formation stage also approaches asymptotically
to that for the Σ ∼ r−2 distribution. This is shown in Fig. 6,
where the frequency of the fundamental m = 1 mode in the
disk formation stage is denoted by the thick solid line. Fig-
ure 6 also shows that the fundamental mode in the dissi-
pation stage (thin solid line) has significantly higher eigen-
frequency than in the formation stage: When the mass in-
jection stops and a gap starts opening, the eigenfrequency
jumps up by about a factor of three. This sudden increase
of eigenfrequency is due to the increase of local precession
frequency ωpr = Ω−κ, which is caused by the rapid decrease
of epicyclic frequency from κ ∼ Ω to κ ∼ 0 near the star. Af-
terwards, the eigenfrequency almost stays constant through-
out the dissipation stage. Note that only prograde modes,
i.e., modes with positive frequencies (Savonije & Heemskerk
1993), can exist in disks around isolated Be stars.
As mentioned above, the fundamental eigenmode in the
dissipation stage has a much narrower propagation region
than in the formation stage. Although probing such a mode
may be possible by detailed analysis of weak lines arising
from the innermost disk region, it is is still challenging com-
pared to the observation of modes in the disk formation
stage, given the relatively small contribution to the total disk
emission. Therefore, it is interesting to see that first over-
c© 2015 RAS, MNRAS 000, 1–11
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Figure 6. Evolution of the eigenfrequency for an isolated Be star.
Thick solid line denotes the eigenfrequency of the fundamental
mode in the disk formation stage, while the thin solid line denotes
that in the disk dissipation stage. The eigenfrequency of the first
overtone in the disk dissipation stage is also shown by the thin
solid line.
tones exist in the disk dissipation stage, which have compa-
rable size of propagation region (and eigenfrequency) to that
of fundamental modes in the disk formation stage (Fig. 5).
These modes could show up in observed line profiles when
Be disks are dissipating. Note that only fundamental modes
exist in forming disks around isolated Be stars.
3.3 Effect of the Companion Star
Using the surface density distribution obtained in sec-
tion 2.2, we have studied m = 1 eigenmodes in Be disks
in binary systems.
Figure 7 shows the fundamentalm = 1 mode in the for-
mation (left panels) and dissipation (right panels) stages for
a binary with orbital separation D = 10R1 and binary mass
ratio q = 0.1 after 10 years of disk formation and dissipation,
respectively. The format of the figures is the same as that of
Fig. 4. As seen from the figure, the fundamental mode for
a binary system with D = 10 R1 propagates over the whole
disk. However, for much wider binary systems (e.g., those
with D > 25 R1), we have found eigenmodes that are con-
fined to the inner part of the disk as seen in Figure 9. This
is because in wide binary systems the disk is large enough to
confine these modes. We found that the correlation between
radial velocity and density perturbations is consistent with
observed line-profile variability, as in the isolated Be star
case. We also have similar vertical density distribution to
those found for isolated Be star. We show the first overtone
found in the dissipation stage in Fig. 8 for a binary sys-
tem with D = 10 R1, since the fundamental mode found in
this stage also propagates in a narrow region that may be
challenging to observe.
The effect of binary separation and binary mass ratio
on the global one-armed oscillations in the disk formation
stage is shown in Fig. 10. The red, blue, and cyan lines de-
note the eigenfrequency of the fundamental mode for binary
systems with q = 0.1 and D = 10R1, 30R1, and 50R1, re-
Figure 7. The m = 1 fundamental mode in the formation (left)
and dissipation (right) stages for a Be binary with D = 10R1
and q = 0.1 after 10 years of disk formation and dissipation,
respectively. The format of the figure is the same as that of Fig. 4.
spectively. The magenta line denotes the eigenfrequency of
the fundamental mode for a binary system with q = 0.3 and
D = 10R1. For comparison, we also show the eigenfrequency
for the isolated Be star case by the orange lines, and those
for steady disks with Σ ∝ r−2 by dots (Oktariani & Okazaki
2009). As in the case of isolated Be stars, the eigenfre-
quency gradually increases with time, approaching that for
the steady disk case. We also see that the eigenfrequency is
higher for a closer binary and a binary with a higher mass ra-
tio. Note that the eigenfrequencies for D = 30R1 and 50R1
are almost indistinguishable, because the mode is already
well confined for D = 30R1.
Fig. 11 shows the eigenfrequency in the disk dissipa-
tion stage. Solid lines are for the fundamental modes, while
c© 2015 RAS, MNRAS 000, 1–11
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Figure 8. The m = 1 first overtone in the dissipation stage for
a binary Be star with D = 10R1 and q = 0.1. The format of the
figure is the same as that of Fig. 5.
dashed lines are for the first overtones. As in Fig. 10, the red,
blue, cyan, and magenta lines denote the eigenfrequency for
binary systems with q = 0.1 and D = 10R1, 30R1, and
50R1, and a binary system with q = 0.3 and D = 10R1
respectively. As in the case of isolated Be stars, the eigenfre-
quency in the disk dissipation stage in binary Be stars is also
significantly higher than that in the disk formation stage. It
changes little throughout the dissipation stage, except for
very early epochs. The dependence of the eigenfrequency on
the orbital separation and binary mass ratio in the disk dissi-
pation stage is the same as in the disk formation stage. Note
also that the eigenfrequencies of the fundamental modes for
D = 30R1 and 50R1 are now indistinguishable, because of
the better mode confinement than in the formation stage.
We have also studied the one-armed modes for binaries
with q = 0.3 in order to investigate the effect of binary
mass ratio on the modes. We found that the eigenfrequency
is higher in systems with a higher binary mass ratio, for
both disk formation and dissipation stages. This is because
the local precession frequency, ωpr increases with increasing
mass ratio q. For example, for a system with D = 10R1 and
q = 0.1 in the formation stage, we have ω = 1.13 × 10−3
Ωc at t = 30 yr, while for the system with the same binary
separation but a higher binary mass ratio q = 0.3, we have
ω = 1.81× 10−3 Ωc at the same epoch.
From the results above, the dependence of the eigenfre-
quency of the one-armed modes in evolving Be disks on the
orbital separation and binary mass ratio is qualitatively the
same as in steady (Σ ∼ r−2) disks around binary Be stars.
4 DISCUSSION
We first compare the m = 1 eigenfrequencies found in
the formation stage of Be disks in binary systems with
those calculated using a power-law density distribution
(Oktariani & Okazaki 2009). As discussed above, we found
a similar dependence of the eigenfrequency on the binary pa-
rameters such as orbital separation and binary mass ratio:
The eigenfrequency decreases with increasing binary sepa-
ration and/or decreasing binary mass ratio. Hence, the os-
cillation period is shorter for close binary systems than for
wide binary systems. Moreover, the eigenfrequencies at later
times in the disk formation stage are closer to those for
steady disks than the eigenfrequencies at earlier times in
Figure 9. The m = 1 fundamental mode in the formation (left)
and dissipation (right) stages for a Be binary with D = 30R1
and q = 0.1 after 10 years of disk formation and dissipation,
respectively. The format of the figure is the same as that of Fig. 4.
this stage. This is expected because, from the evolution of
the surface density distribution shown in Figs. 2 and 3 ,
we can see that the surface density distribution in the latter
part of the disk formation stage is almost similar to that of
the steady disk case where Σ ∼ r−2, especially in the inner
part of the disk.
Another interesting result is on the surface density dis-
tribution of binary Be disks in the disk dissipation stage. In
our results, the surface density distribution in the inner part
of the disk decreases more rapidly in close binary systems
than in wide binary systems. Observationally, there is an in-
dication that the disk is lost from the innermost part (e.g.,
Rivinius et al. 2001, Wisniewski et al. 2010). However, we
do not know what mechanism causes this gap. It can be the
result of the accretion of the material in the inner part of
c© 2015 RAS, MNRAS 000, 1–11
Effect of Be Disk Evolution on Global One-Armed Oscillations 9
Figure 10. Evolution of the eigenfrequency in the disk formation
stage for binaries and an isolated Be star. The lines denote the
eigenfrequency of the fundamental mode for binary systems with
q = 0.1 and binary separation D = 10R1, 30R1, and 50R1 to
observe the effect of binary separation. To observe the effect of
binary mass ratio, we plot the results for a binary system with
q = 0.1 and D = 10R1. For comparison, the dots at t = 30 yr
denote the eigenfrequencies from the calculation with the Σ ∼
r−2 density distribution (Oktariani & Okazaki 2009).
Figure 11. Evolution of the eigenfrequency in the disk dissipa-
tion stage for binary Be stars. The solid lines are for the funda-
mental modes and the dashed lines are for the first overtones.
the disk due to viscosity once the mass injection from the
star stops, or the ablation of the disk by radiation from the
central star can also drive away the material in the inner-
most part, which is closest to the star, to the outer part of
disk. Our results show that if the cause of the gap in the
disk dissipation stage is the accretion due to viscosity, then
we can observe difference in the decreasing rate of surface
density between the close and wide binary systems. If there
are no difference then the gap in the inner-part of the disk
should be mainly caused by ablation by the radiation of the
central star.
Recently, Carciofi et.al (2012) compared the observed
visual lightcurve in the disk dissipation phase of the Be
star 28 CMa with lightcurves obtained from dynamical vis-
cous decretion disk model with different values of viscos-
ity parameter, α. Interestingly, the result from the model
with α = 1.0 is the one that reproduces best the observed
lightcurve in all phases. Hitherto, most of the theoretical
studies of Be disks adopted viscosity parameter α ∼ 0.1.
This value of α is thought to be plausible, because studies of
the formation and dissipation of Be disks (e.g., Clark et al.
2001, Wisniewski et al. 2010) found that the timescale of
disk formation/dissipation agrees with the viscous timescale
for α ∼ 0.1 and because the turbulent viscosity excited
by the magneto-rotational instability in accretion disks is
saturated around this level. However, the result shown by
Carciofi et.al (2012) suggests that study for a much higher
viscosity in disks of Be stars is needed.
The effect of viscosity on m = 1 modes in Be disks can
be seen, for example, in Carciofi et.al (2009) and Okazaki
(2000). When the effect of viscosity is included, the mode
becomes overstable and has a one-armed, spiral density-
perturbation pattern, the confinement of which is weaker
than neutral modes in inviscid disks. The one -armed spi-
ral is more remarkable for a higher viscosity parameter.
However, for the viscosity parameter α . 0.1, the m = 1
mode does not differ much from the inviscid case. Moreover,
the eigenfrequency is insensitive to α, according to Okazaki
(2000). Thus, although in this paper we did not include vis-
cosity in our eigenmode calculations, we believe that our
results, particularly eigenfrequencies, are robust. However,
our model cannot be applied to higher α. Therefore, the next
step will be studyingm = 1 eigenmodes by consistently tak-
ing into account the viscosity effect.
Below, we discuss the evolution of m = 1 eigenmodes in
Be disks. In the disk formation stage, the oscillation period
decreases as the disk grows. However, the change becomes
small once the disk is fully developed (e.g., several years af-
ter the disk formation begins). Observationally, this small
change in the oscillation period will difficult to be detected.
Hence, we do not expect a significant change in the V/R
variation period in Be disks at later times of the disk for-
mation stage.
The disk dissipation stage starts right after the mass
ejection from the star stops. One of the interesting results
in this stage is that the fundamental mode has a significantly
higher eigenfrequency and a much narrower propagation re-
gion. Hence, the eigenmodes in forming/steady disks will
disappear once the ejection of matter from the star stops
and accretion starts in the inner part of the disk. The dis-
appearance of eigenmodes in the disk dissipation stage is
consistent to the observation of V/R variability on Be/X-
ray binary LS V +44 17 by Reig et al. (2005). They show
that the V/R variability disappeared before the complete
loss of the disk. They also argue that the effects of the den-
sity perturbation do not manifest themselves until the disk
is fully developed. This could be due either to slow excita-
tion of them = 1 mode or to the rapidly changing eigenstate
in a forming disk.
In the dissipating disk, the fundamental m = 1 mode
is likely difficult to observe due to the narrowness of the
wave propagation region. However, we may observe the first
overtone if the mode is excited. In our model, the first over-
tone in the disk dissipation stage has a propagation region
comparable to that of the fundamental mode in the forma-
c© 2015 RAS, MNRAS 000, 1–11
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tion stage. Thus, an m = 1 eigenmode in a Be disk starts
to decay when the disk starts accreting, and if the disk dis-
sipation stage is long enough, another mode with different
oscillation period and structure may appear.
In our model, we use a simple process where mass is
injected to the disk at a constant rate during the forma-
tion stage, and the mass injection is shut off during the
dissipation stage. However, there are various scenarios for
the mass injection to the disk such as periodic mass in-
jection where the mass injection rate varies periodically,
or episodic mass injection where there is sudden increase
of the disk density caused by an outburst of mass injec-
tion. Haubois et al. (2012) studied different scenarios for the
mass injection mechanism to the Be disk and found different
density distribution for disk formation stage and dissipation
stage. As we can see in our result, the disk density distri-
bution affect the one-armed oscillation modes. Therefore, it
is interesting to study different mass injection scenarios for
further studies of the one-armed oscillation modes with a
more realistic disk model.
Quantitatively, periods of m = 1 eigenmodes obtained
from our model do not agree with the observed V/R pe-
riods. The period of m = 1 modes for both isolated and
binary Be stars studied in this paper is in the range of a
few years. For example, Reig et al. (2005) listed V/R vari-
ation periods for some Be/X-ray binaries, binary systems
that consist of a Be star and a neutron star, which is about
a few years. However, the observed V/R variation period
for Be stars in other class of binary systems is sometimes
much longer than those of the Be/X-ray binaries. Sˇtefl et al.
(2007) show that the quasi-periodic V/R variation period in
some binary Be stars ranges between 5-10 years. The situa-
tion is worse for isolated Be stars: The observed V/R varia-
tion period for isolated Be stars, which is typically 5-10 years
(see Okazaki 1997), is much longer than the period obtained
from the current model. The difference between the observed
and model V/R variation periods implies that there are still
missing mechanisms other than the radial density distribu-
tion that affect the global disk oscillations. As mentioned
in Oktariani & Okazaki (2009), taking into account a more
realistic temperature distribution in the disk and/or the ef-
fect of optically thick line forces may contribute to lower the
eigenfrequencies.
5 CONCLUSIONS
We have studied the effect of density distribution evolution
on the global oscillation modes in equatorial disks around
isolated and binary Be stars. We modeled the surface den-
sity distribution in the disk formation stage by injecting
mass at a radius just outside the star, while for modeling
the disk dissipation stage, we turned off the mass injection.
We found that the disk density distribution is different from
the usually assumed, single power-law density distribution,
especially in the disk dissipation stage, when the inner part
of the disk accretes, forming a gap between the star and the
disk. For the global one-armed oscillations in the disk for-
mation stage, we found that the eigenfrequencies gradually
increase with time toward the values for steady disks. On the
other hand, the eigenfrequencies stay almost constant in the
disk dissipation stage, which are significantly higher than
those in the disk formation stage. By this frequency gap,
eigenmodes in a forming/steady disk will disappear when
the disk starts dissipating. More detailed theoretical study
and observations of V/R variations in forming and dissi-
pating Be disks are desirable to improve/test the results
obtained in this paper.
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